There is growing scientific interest in the potential role that precision irrigation (PI) can make 7 towards improving crop productivity, and increasing water and energy efficiency in irrigated 8 agriculture. Most progress has been made in arid and semi-arid climates for use in high value 9 crop production where irrigation costs coupled with concerns regarding water scarcity have 10 stimulated PI innovation and development. In temperate and humid climates where irrigation 11 is supplemental to rainfall, PI is less developed but nevertheless offers scope to make more 12 effective use of rainfall, help reduce the non-beneficial losses associated with irrigation (deep 13 drainage, nitrate leaching) and provide farmers with evidence to demonstrate environmentally 14 sustainable practices to processors and retailers. This paper reports on recent experiences in 15 developing precision irrigation in UK field-scale agriculture, drawing on evidence from field 16 research and modelling studies. By combining data from these sources, a critical evaluation 17 focusing on selected technical, agronomic and engineering challenges that need to be 18 overcome are described, including issues regarding PI scheduling, and the delineation of 19 irrigation management zones to ensure compatibility with existing methods of overhead 20 irrigation. The findings have relevance to other countries where irrigation is supplemental and 21 where precision agriculture is gaining popularity. 22
Introduction 25
Precision farming research and development has demonstrated how significant benefits can be 26 obtained by the variable-rate application of seeds, fertilizers and pesticides. As a result, the 27 concept of precision agriculture (PA) has gained widespread acceptance; it is conceptualized 28 as a system approach, where low input, high efficiency sustainable agriculture are the primary 29 goals (Zhang et al., 2002) . PA is also been promoted within the context of achieving the 30 sustainable intensification of agriculture. There is now considerable interest worldwide in 31 seeing if equivalent benefits of PA can be obtained from precision irrigation (PI), particularly 32 in arid climates where water use is high, and where water scarcity is becoming a major 33 constraint to production. But PI in temperate and humid climates, such as northern Europe, 34 where cropping is rotational, water use is relatively low and irrigation schedules have to cope 35 with uncertain and unpredictable rainfall, raises many new issues (Knox et al., 2013) . Despite 36 widespread international use of the term, PI, as a scientific concept, is still very much in its 37 infancy (Smith and Baillie, 2009 ). In industry, the term PI is often used to refer to optimal 38 management of micro (drip or trickle) irrigation where precise volumes of water are applied 39 directly into the root zone. Other researchers often refer to variable rate irrigation (VRI) under 40 centre pivots as being the dominant form of PI. 41
Traditionally, irrigators have ignored soil and crop variability within an irrigated field (block) 42 and attempted to apply water as uniformly as possible. Indeed, most research efforts have 43 focussed on reducing the impacts of irrigation heterogeneity on crop production. Since soils 44 and crop development are rarely perfectly uniform, this means that under uniform irrigation 45 some parts of the field are implicitly under-irrigated and/or other parts are over-irrigated. PI, 46 in contrast, attempts to apply water non-uniformly to match any required variation in 47 7
Benefits of precision irrigation in a humid climate 147
The combination of mobile irrigators with current approaches to scheduling mean that the 148 whole field block is typically irrigated with the same scheduled depth of water. If soils are 149 uniform, then uniform irrigation across the block to maintain optimum soil water conditions 150 should maximise both yield and quality. However, soils are naturally variable, often over 151 short distances within an irrigated block. Where there are known differences in soil available 152 water capacity (AWC) within a field, it is typical farm practice to schedule the irrigation 153 according to the parts of the field with the lowest AWC in order to ensure that no part of the 154 field is under-irrigated. This is because penalties from under-irrigation are generally perceived 155 by growers to be higher than those associated with over-irrigation. Where growers use in-situ 156 soil moisture sensors to schedule their irrigation, it is common practice to locate these in the 157 parts of the field with lowest AWC and greatest risk of droughtiness (Peters et al., 2013) . This 158 approach tends to increase the irrigation frequency and lead to more water being applied than 159 necessary to those parts of the block with higher AWC. There is therefore potential to reduce 160 both water and energy use, increase water use efficiency, and reduce leaching of nutrients by 161 using PI to vary irrigation application within a block in response to known spatial differences 162 in soil AWC. 163
In this study we considered the potential savings and benefits from PI for a potato crop grown 164 in England for the fresh pre-pack retail sector (supermarket). Potato cultivation accounts for 165 43% of the total irrigated area and 54% of irrigation water use in England and Wales (Defra, 166 2011). Potatoes are grown in geographically diverse locations across England in a range of 167 soil types from sand to clay, although the majority of potato production is on loamy soils. In 168 the wetter parts of the country they can be grown without irrigation, however supplementary 169 irrigation is used in most regions and most years to ensure crop yield and premium quality 170 (Daccache et al., 2011 Irrigation was scheduled using typical irrigation schedules used by potato growers in England. 182
Irrigation of potatoes grown for the pre-packed market in England is as much for quality as 183 yield. Dry soil conditions following tuber initiation increases the risk of common scab 184 (Streptomyces scabies), therefore an irrigation schedule was applied to maintain low soil 185 water deficits for scab control (Lapwood et al., 1970) , with larger deficits allowed thereafter 186 according to AWC (Table 2) . 187
Seasonal irrigation need is presented in Table 3 for three years selected from each station to 188 represent dry (PSMD max with 10% probability of exceedance), average (50%) and wet (90%) 189 years. These represent the water balance of each soil type under differential irrigation, that is, 190 irrigation of each soil is scheduled according to its AWC. Across the three stations and 26 191 years, the irrigation requirements of the high AWC soil were 11% less than that of the low 192
The WaSim model was re-run for each year, assuming that medium and high AWC soils were 194 irrigated at the times and with the amounts scheduled for the low AWC soil. These represent 195 farmers' typical practice in a block with mixed soils, where irrigation is scheduled according 196 9 to the soils with the lowest AWC. By comparing irrigation applied, water losses and final 197 SMD with the corresponding values for differential irrigation, the potential water saving 198 benefits of PI can be estimated. Table 4 In this case it may be necessary to irrigate parts of the field when they do not need it, in order 212 to ensure that they still have sufficient available water to maintain plant growth until the next 213 irrigation is due. The over-irrigation and losses may then be even higher than indicated above. 214
Given the rotational nature of cropping, PI under supplemental irrigation conditions needs to 215 consider the implications for both scheduling and equipment availability. 216
Exploratory case study 217

Site description and EMI soil mapping 218
Understanding spatial soil variability is therefore a crucial component for PI (Hedley et al., 219 2009 ). The conventional approach, using soil survey and dense sampling would be the most 220 10 accurate but analysing a large number of samples is time consuming and a major financial and 221 resource constraint. An alternative approach is to infer soil AWC from soil properties that can 222 be determined from rapid, non-invasive and low-cost electro-magnetic induction (EMI) 223 scanning. As part of a broader study investigating PI in field-scale horticulture, a flat field on 224 a commercial farm in Cambridgeshire (52.47°N, 0.357°E, -2m asl) was chosen to illustrate 225 soil variability and to identify the technical challenges. In-field soil variability was assessed 226 using Geonics EM38 scanner carried by hand and fitted with high accuracy DGPS positioning 227 system. Such technology has been used by other researchers to identify soil variability at field 
Mapping available water capacity 235
To highlight the challenges of using EMI technology to map soil variability, 20 soil samples 236 were randomly taken from the field for laboratory analysis for particle composition (texture) As with other soil parameters, a poor linear correlation was observed between the ECa values 263 and AWC. Therefore, it is reasonable to suspect that the relationship between ECa and AWC 264 is not linear. According to the scatter plot between these two variables, we can rule out 265 quadratic, cubic, or even a non-polynomial relationship between ECa and AWC. An 266 alternative method is to use the principle of model selection to choose among the various 267 possibilities. Gaussian process regression (GPR) is an even finer approach than this. Using 268 this method rather than assuming a pre-specified model (e.g. linear, quadratic) to be fitted to 269 the data, we can rigorously let the data 'speak' more clearly for itself. GPR is considered a 270 12 form of supervised learning, but the training data are harnessed in an ingenious way. In other 271 words a Gaussian process model is a data interpolation tool which can be used to infer the 272 relationship between input variable(s) and the corresponding output. The main assumption 273 required to use GPR is that the underlying function of interest is continuous (see Oakley work was therefore not to accurately map AWC variability for the study site but rather to 297 highlight the complexity and challenges in mapping spatial soil variability using non-invasive 298 techniques such as the EMI. It would be impracticable and uneconomic in a humid 299 environment to apply fully spatially variable water across a field to match such a fine 300 resolution in spatial AWC variability. A more practical alternative for overhead irrigation is to 301 define management zones which reflect relatively homogenous AWC areas. The critical 302 factor here was to define an appropriate scale and resolution for these irrigation management 303 zones (IMZ) that would be compatible with existing overhead irrigation application 304 technology and current approaches to scheduling. This means that scheduled amounts of 305 water can be applied by the system without introducing further hydraulic or engineering 306 constraints. 307
Using geo-statistical methods to optimize Irrigation Management Zones (IMZ) 308
The method of classification used and the range in AWC values determines the number, size 309 and spatial distribution of IMZ. Various techniques have previously been developed to 310 delineate these, with most often based on observed differences in soil (Oliveira et al., 2003) . 311 Figure 3 shows, for example, how the classification method and number of derived classes 312 can strongly influence IMZ delineation. For our field site, the AWC data were classified into 313 7 and then 3 classes, using two contrasting approaches, the equal interval method and natural 314 (Figure 4) . 324
When the number of AWC classes is reduced from 7 to 3, three IMZ covering 55%, 33% and 325 10% of the field exist. However, when the equal breaks method is used two IMZ's covering 326 97% of the field result, which mask much of the variability in AWC (Figure 4 . In reality, for 327 this field, the range in AWC is actually relatively small, probably reflecting a deliberate 328 decision by the farmer to grow high-value lettuce in a field with limited soil heterogeneity so 329 as to minimise impacts on crop development, yield and quality. However, even with a small 330 range in AWC, the spatial aggregation of IMZs is important, as their shape and area need to 331 be compatible with the method of irrigation. 332
On the assumption that soil and crop water needs are similar across a field, a non-uniform 333 water application will result in over and under-irrigation in the same plot with negative 334 consequences on yield, quality, water and nutrient use efficiency. For that reason, overhead 335 irrigation systems are designed to provide adequate overlapping from sprinklers to deliver the 336 highest uniformity of water application. Any change in operation for a single sprinkler 337 directly impacts on the wetted area and hence the depth of water applied under adjacent 338 sprinklers. With hose-reel boom irrigators, applying variable irrigation at the sub-metre level 339 is technically unfeasible given the short distance between individual sprinklers (2.5 to 4 m) 340 and the need for overlap to achieve high uniformity. Hence, the raw AWC data must be 341 aggregated into larger contiguous zones. These need to be large enough to be managed 342
separately, yet small enough to minimize the soil AWC variability within them. 343 15 To evaluate this issue, the AWC data ( Figure 3) were clustered using 3m 2 , 6m 2 and 9m 2 pixel 344 aggregations and classified into three IMZs using the Jenks' natural break method ( Figure 5) . 345
The purpose of this was to analyse the impact of different management scales for delineating 346
IMZs on field and water application variability. The range in AWC variation within each IMZ 347 regardless of cluster scale is very similar in each IMZ. This is because extreme values are 348 distributed across the field and within each IMZ. By taking the lower and upper quartiles, the 349 differences become much more apparent across the three different zones. For example, at the 350 3m 2 scale, IMZ zone 1 appears to have the highest degree of variability. This is due to the 351 large variability within a small area, which disappears when 6m 2 and 9 m 2 scales are used. 352
The difference between 6m 2 and 9m 2 scale appears negligible ( Figure 5 ). 353
Developing VRI on a mobile hose-reel boom 354
Most UK vegetable growers use hose-reel irrigation systems fitted with booms. The reel is 355 parked at one end of the field, the boom pulled out with a tractor, and then the boom slowly 356 pulled back in as the hose reel rotates and reels up the hose. The hose-reel system gives great 357 flexibility to follow crop rotations and to fit to different field sizes across the farm. The 358 booms are fitted with multiple overlapping sprinklers which provide better uniformity than a 359 rain gun and allow the irrigation of strips that can match planting schedules. The choice of 360 sprinklers or nozzles is determined mainly by considerations of drop size, to avoid crop 361 damage whilst minimizing wind drift, and throw, to give adequate overlap and to spread the 362 water to avoid runoff. The whole system is sized to allow sequential irrigation of adjacent 363 strips around the field, returning to the first strip by the end of the scheduled irrigation 364 interval. 365 VRI can be achieved by fitting each sprinkler or nozzle with a remotely controlled on-off 366 automatic valve. Fortunately this technology is already well developed for the golf industry, 367 where individual sprinklers are operated sequentially along fairways and around greens. The 368 Table 3 Modelled potato irrigation needs at the study sites in a dry, average and wet year at 594 
